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Introduction 

In  a  normal  regime,  the  upper  operation  frequency  of  a  Field  Effect  Transistor  (FET)  -  fT,  is 
limited  by  the  electron  transit  time  to  (fr  =1/271  to  -see  for  example1).  However,  plasma  effects 
become  important  in  modem,  short  channel  field  effect  transistors,  where  the  sheet  carrier 
density  is  very  high.  These  effects  are  expected  to  allow  the  use  of  FETs  at  much  higher 
frequencies  -  reaching  even  the  terahertz  range  for  submicron  devices2. 

Plasma  waves  with  a  linear  dispersion  law,  co(k)  =  sk,  may  propagate  in  a  FET  channel.  Here 
s  is  the  plasma  wave  velocity  that  depends  on  carrier  density,  and  k  is  the  wave  vector.  The 
velocity  of  the  plasma  waves,  s,  is  typically  on  the  order  of  108  cm/s,  which  is  much  larger  than 
the  drift  velocity  of  the  two-dimensional  (2D)  electrons  in  the  FET  channel.  This  is  why  the 
propagation  of  plasma  waves  can  be  used  for  new  regimes  of  FET  operation,  with  a  much  higher 
frequency  than  for  conventional,  transit-time  limited  devices. 

In  a  FET  with  a  given  length  L  the  values  of  plasma  frequencies  are  discrete  and  given  by2 
□v  =  o)0  (1+2N),  where  co0  =  ns/2L,  and  N=  0,  1,  2,....  Allen  et  al.  3  observed  infrared 
absorption,  and  Tsui  et  al.  4  reported  on  weak  infrared  emission  related  to  such  plasma  waves  in 
silicon  inversion  layers.  Burke  et  al.  showed  that  the  impedance  of  a  high  mobility  transistor 
exhibits  maxima  at  the  fundamental  plasma  frequency  and  its  harmonics. 5 

Under  certain  conditions,  plasma  oscillations  can  be  excited  in  a  FET  by  a  dc  current2, 
and  the  FET  can  be  used  as  an  oscillator  operating  in  the  terahertz  range6.  Nonlinear  properties 
of  the  plasma  waves  can  be  utilized  for  terahertz  detectors,  broadband  detectors,  mixers,  and 
frequency  multipliers  7,8. 

A  FET,  biased  by  the  gate-to-source  voltage  and  subjected  to  electromagnetic  radiation, 
can  develop  a  constant  drain-to-source  voltage,  which  has  a  resonant  dependence  on  the  radiation 
frequency  f-o)/2n with  the  maxima  at  the  plasma  oscillation  frequencies  f^=(o^/2K  ’  .  The 
plasma  wave  velocity  depends  on  the  carrier  density  in  the  channel ,  n  ,and  the  gate  to  channel 
capacitance  per  unit  area  C,  s=(e2n/mC)I/2  ,  where  e  is  the  electron  charge,  m  is  the  electron 
effective  mass.  In  the  gradual  channel  approximation,  the  carrier  density  in  the  channel  is  related 
to  the  gate  voltage  as  n=CUo/e.  Uo  is  the  gate  to  channel  voltage  swing  that  is  defined  as  Uo=Ug 
-Uth. ,  where  Ue  is  the  gate  voltage  and  Uth  is  the  threshold  voltage.  In  this  case,  the  fundamental 
plasma  frequency  can  be  expressed  by  an  approximate  relation  f0=o)o/27r=(eUo/m )  I4L  .  This 
relation  leads  to  two  important  consequences:  i)  a  sufficiently  short  (sub-micron)  FET  can 
operate  as  a  THz  detector  and  ii)  the  frequency  of  this  detector  can  be  tuned  by  the  gate  voltage. 
The  width  of  the  resonance  curve  is  determined  by  the  inverse  time  of  the  electron  momentum 
relaxation,  1/r.  The  dimensionless  parameter,  which  governs  the  physics  of  the  problem  is 
o)()T .  In  the  regime  such  that  o)0t»1  ,  the  FET  operates  as  a  resonant  detector.  When 
0)()T«\  ,  the  plasma  oscillations  are  overdamped,  and  the  FET  response  is  a  smooth  function  of 
co  as  well  as  of  the  gate  voltage  (non-resonant  broadband  detection). 

The  non-resonant  detection  at  both  terahertz  and  sub-terahertz  frequencies  has  been 
reported  in  several  papers  9  but  its  behavior  could  not  be  fully  understood  especially  in  the  range 
of  the  gate  voltages  close  to  the  threshold  voltage. 
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In  Fig.  1 ,  we  show  a  few  examples  of  typical  experimental  data.  The  drain-source  voltage 
photoinduced  by  the  600  GHz  radiation  in  GaAs/AlGaAs  FET,  is  shown  as  a  function  of  the  gate 
voltage,  Ug.  The  experimental  results  can  be  well  explained  by  the  previous  theory8  only  for 
relatively  large  positive  gate  voltage  swings,  Uo,  for  which  the  detector  response  decays  as  l/Uo- 
However,  at  the  gate  voltages  close  to  the  threshold  (small  values  of  Uo),  the  experimental  data 
deviate  from  the  theoretical  curves.  Moreover,  for  Ug  smaller  than  the  threshold  voltage 
(negative  values  of  Uo),  the  experimentally  observed  response  decreases,  so  that  the  response 
always  reaches  a  maximum  value  close  to  the  FET  threshold.  This  feature  cannot  be  explained 
by  the  previous  detector  model 8. 


Fig.  1  Measured  photoresponse  of  the 
GaAs/AlGaAs  0.15pm  FET  for  the  600GHz 
radiation.  Radiation  induced  source  -  drain 
voltage  as  a  function  of  the  gate  voltage  Ug  is 
shown  for  temperatures  8K,  80K,  150K, 
296K.  The  arrow  marks  the  maximum 
corresponding  to  the  resonant  detection 
observed  at  the  lowest  temperature  8K. 


In  this  paper,  we  focus  on  the  experimental  and  theoretical  study  of  the  nonresonant 
detection  under  the  conditions  (Oqt<1  and  cor<l.  We  present  experiments  performed  on  FETs 
made  of  two  different  semiconductor  systems,  GaAs/AlGaAs  and  GaN/AlGaN,  in  a  wide  range 
of  temperatures  (8-3 00K)  and  for  frequencies  ranging  from  100GHz  to  600GHz.  The  results  are 
interpreted  using  a  new  theoretical  model,  which  describes  the  photoresponse  below  and  above 
the  transistor  threshold.  The  model  shows  that  the  gate  leakage  current  suppresses  the  detector 
response  in  the  sub-threshold  region  leading  to  a  nonresonant  maximum  in  photoresponse  versus 
gate  dependence. 

At  the  lowest  temperature  (8K),  one  can  also  see  a  resonant  feature  in  the  response 
(marked  by  an  arrow)  that  is  superimposed  on  the  broad  background.  It  is  due  to  a  resonant 
detection  of  600GHz  radiation.  The  resonant  response  appears  at  lowest  temperatures,  since,  at 
these  temperatures,  the  electron  scattering  time  increases  and  we  reach  a>oZ=l  -  the  resonant 
detection  condition.  The  resonant  detection  was  described  in  more  details  in  Ref.9. 

Theory  of  subthreshold  nonresonant  detection 

The  theory  presented  in  Ref.7  was  developed  assuming  that  eUo»ksT,  where  ks  is  the 
Boltzmann  constant  and  T  is  temperature.  For  Uo  approaching  zero  (i.e.  the  gate  voltage 
approaching  the  threshold  voltage),  the  model  predicted  that  the  photoresponse  signal  should 
diverge  as  (1/  Uo).  In  this  work,  we  will  make  an  attempt  to  generalize  the  theory 7  for  the  case  of 
an  arbitrary  gate  voltage.  Here  we  restrict  ourselves  to  nonresonant  case  assuming  that  coot<1 
and  o)t<1.  The  key  point  is  taking  into  account  the  leakage  current  from  the  metal  gate  to  the  2D 
electron  gas  in  the  channel. 
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Well  above  threshold,  the  gate  leakage  is  small  compared  to  the  current  in  the  channel 


and  does  not  affect  the  response  of  the  detector10 . 

However,  for  negative  values  of  Uo,  when  electron  concentration  in  the  FET  channel 
becomes  exponentially  small,  the  leakage  current  plays  an  important  role  and  should  be  taken 
into  account. 

The  general  equation  for  the  electron  concentration  in  the  FET  channel  is  given  by 


n  =  n  *  In 


( 


1  +  exp 


eUp 
VkBT . 


(1) 


Cnk  T 

Here  n*  =  — ~y— ,  C  is  the  gate  capacitance  per  unit  area  and  r\  is  the  ideality  factor.  For  large 
e 2 

nk  T 

positive  values  of  gate  voltage  ( U0  >  -  -  )  the  electron  concentration  in  the  FET  channel 


increases  with  the  gate  voltage  swing  as  n- 


CUn 


In  the  opposite  case  of  large  negative  gate  voltage  swings,  U0  <  0,  \U0 
electron  concentration  is  exponentially  small 


>*£  the 


n  =  n*  expl 


'mU 

VkBT . 


(2) 


First,  we  will  find  the  analytical  expression  for  detector  response 
valid  for  the  case  U0<0.  Then  we  generalize  this  expression  for  the 
case  of  arbitrary  values  of  U0. 

We  start  with  the  hydrodynamic  equations,  which  describe  the  2D  electrons  in  the  FET 
channel  2 


dv  dv  v  e  du 

—  +  v —  +  -  + - =  0, 

dt  dx  t  m  dx 

dn  d(nv)  . 
dt  dx 


(3) 

(4) 


du 

Here  u  is  the  local  value  of  voltage,  —  is  the  longitudinal  electric  field  in  the  FET  channel,  v  is 

dx 

the  electron  velocity.  We  assume  that  the  relation  between  local  concentration  n  and  local 

dv  dv 

voltage  u  is  given  by  Eq.(l)  with  replace  Uo  by  u.  In  Eq.(3)  we  will  neglect  —  +  v— .  The 


term 


^  dv^ 
\dt  j 


is  small  compared  with 


dt  dx 

\  Qy 

—  since  <m  « 1 .  The  criterion  of  neglecting  v—  will  be 


dx 


evaluated  later.  We  will  also  need  to  add  the  gate  leakage  current,  jo,  into  the  right  hand  side  of 
Eq.  (4).  As  a  result,  we  get  the  following  system  of  two  equations 
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v  =  — 


ex  du 


dn 


m  dx 
d(nv ) 


=  ./'o/e> 


(5) 


(6) 


dt  dx 

where  Eq.(5)  is  Ohm’s  law,  and  Eq.(6)  is  the  continuity  equation.  In  what  follows  we  assume  jo  - 
const.  Eqs.(5,  6)  should  be  solved  together  with  Eq.  (2)  using  the  following  boundary  conditions 
(which  are  the  same  as  used  in  Refs.  [2,6,7]) 

u\  ,x=o  =uo+ua  cos(e>0  (7a), 

v|  X=L  =  0  (7b). 

Here  Uo  is  the  dc  gate-to-source  voltage  swing,  uac=ua  cos(oo/)  is  the  external  ac  voltage  induced 
between  the  gate  and  source  by  the  incoming  electromagnetic  radiation. 

The  condition  (7b)  corresponds  to  zero  drain  current. 

Next,  we  will  show  that  electromagnetic  radiation  induces  the  dc  drain-to-source  voltage, 

Am  =  (u\  X=L  —  m|  x=0)  , which  is  called  detector  response  (the  angular  brackets  denote  averaging 
over  time).  From  Eqs.  (2), (5)  we  get 


v  =  — 


SqT  dn 
n  dx  ’ 


(8) 


where 


so  ~ 


rjkBT 


m 


(9) 


Substituting  (8)  into  (6)  we  obtain: 

dn  2  d2fl 

- snr — 7- 

dt  dx2 


=  j0/e 


(10) 


The  boundary  conditions  for  Eq.  (10)  are  obtained  from  Eqs.  (2),  (5),  and  (7) 


n\x=0  =n*  exp 


V 


e(U0  +ua  cos  cot) 
T]kBT 


dn 

dx 


=  0. 


(11) 


(12) 


x=L 


Following  the  method  of  Ref.  [8]  we  will  search  for  a  solution  in  the  form  of  a  series  with  respect 
to  the  small  amplitude  of  the  ac  wave  ua.  The  leading  term  in  the  expansion  of  the  detector 
response  is  proportional  to  the  intensity  of  the  electromagnetic  wave,  Au  ~  (uj1.  This  allows  us 
to  neglect  the  terms  containing  ua  in  the  powers  higher  than  two.  Expanding  Eq.  (1 1)  with 
respect  to  ua  up  to  the  second  order  yields 


n\ 


*=o 


=  n 


eu 

i+^ 


cos  cot  + 


eu. 


nkBT 


1  2 

—cos  cot 
2 


exp 


eUp 

7]kBT 


(13) 


One  can  show  that  the  second  harmonic  with  the  frequency  2co  leads  to  the  contribution  to  the 
response  on  the  order  of  (ua)4.  Neglecting  the  second  harmonic,  we  get  from  Eq.  (13): 


n 


x-0 


!  n 


1  + 


eu„ 


eu m 


2rjkBT  I  r/kBT 


-cos  cot 


exp 


eUp 

t]kBT 


(14) 
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The  solution  of  Eq.  (10)  with  boundary  conditions  (12),  (14)  is  given  by 


n  =  n* 


(  /  ^ 
eu„ 


1  + 


+ 


Jo 


27]kBT 


exp 


eUn 


T]kBT 


Where  q  = 


s0  re 


10) 


'So  x 


.2\ 


xL~  — 

V  2y 


+- 


eun  • 


2rjkBT 


exp 


f  eUn  '}\ch(q[L-x])  m  ch(q*[L-x])  ^ 

ch(q*L) 


(15) 


_ 0_ 

rikBTj 


« — — - 

[  ch(qL) 


icot 


q*  = 


-10) 


So  T 


(16) 


The  drain  voltage  u\  is  determined  using  Eq.  (2) 


«U=l  = 


*lkBT  ^  n  *=L 


rr 


Substituting  (15)  into  (17)  yields 
u\x=L=U0 +^lnU  + 


f  eu„  ^ 


2  rjkBT. 


(17) 


ij}  eun  \  e‘M  e 

+  — ^ - +  _B_d  —  ■ 


2s q  ren  *  2 qkBT  { ch{qL)  ch(q  *  L )  J 


(18) 


Expanding  the  logarithm  with  respect  to  ua,  averaging  over  t,  and  keeping  only  the  terms  which 
depend  on  ua,  we  obtain  the  following  expression  for  the  detector  response 


(“|  x=L  U\  x=L  )  — 


eu„ 


4ms ,, 


1 


1  +  k  exp 


where 


k  =  - 


eUp 

VkBT. 


j0L2  me 


1  +  k  exd  - 


eU, 


TlkBT 


0  ^  ch(qL)ch(q  *  L) 
J) 


,  (19) 


(20) 


ICTtfklT1 

is  a  dimensionless  parameter,  which  is  assumed  to  be  small  (  k  « 1 ). 

Eq  (19)  is  valid  for  Uo< 0.  An  analogous  equation,  which  is  valid  for  an  arbitrary  sign  of  Uq,  is 
obtained  from  (19)  by  replacing  so  with  the  plasma  wave  velocity  s,  which  is  given  by 

n 


s2  =  e 


m  (dn  /  du) 


u=Ua 


Using  Eq.(l)  we  get 


(  eU0  Y 

\ 

f 

f  eUo  Y 

1  +  exp 

In 

1  +  exp 

l  nkBT) 

/ 

V 

yr/kBT 

In  the  limiting  cases,  Eq.  (21)  yields 

pU 

s2  =  — — ,  for  eUo>T]kBT; 
m 


(21) 
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s2  =  s02 ,  for  Uo<0  and  e\U0\  >  r]kBT . 

Finally,  we  get  the  following  expression  for  the  detector  response 
A  u  = 


eun 


4ms ' 


( 


1  +  k  exp 


eU o 
VkBT. 


1  +  k  exp 


f  eUn^2 


rjkBT 


[sh2Q  + cos2  q\ 


»  J J 


,(22) 


where  Q  =  J—  — .  Eq  (22)  is  valid  for  an  arbitrary  sign  of  Uq.  For  Uo>0  it  reduces  to  Eqs.  (23) 
V  2  t  s 

and  (33)  in  Ref.[7,8]. 

The  dependence  of  the  photoresponse  on  the  basic  parameters  can  be  more  easily  seen  in 
the  case  of  “long  samples”,  such  that  (Q»  1).  In  this  case,  Eq.22  simplifies  to 

2  i 

•  (23) 


Am  =  eU“ 


(4 nk.T) 


1  +  exp 


r  eUQ  W 


i)kBT 


JJ 


1  +  k  exp 


l _ 

f  eU0^ 


rjkBT 


In 


JJ 


1  +  exp 


eU» 

VkBT , 


For  eUo» rjkBT,  we  have 


Am  = 


u„ 


For  Uo<0  k  exp 


Am  = 


eu 


4 U0 
eUr 


J 


4rjkBTx 


TjkBT 
2  f 
expl 


(24) 


» 1 ,  Eq.  (23)  yields 


V 


e_Up 

rjkBT 


(25) 


rik  T  ( 1 

We  see  that  response  has  a  maximum  for  eU0  ~ - —  ln[  — 


.  The  maximum  value  of  response 


is  given  by 


Au„ 


eu„ 


4tjkBT 


(26) 


It  can  also  be  shown  that  the  width  of  the  peak  is  proportional  to  ijkBT[x\(l/K). 

So,  one  can  see  that  the  crucial  parameter  that  defines  the  position  and  the  value  of  the  maximum 
is  r)kBT.  The  value  of  the  maximum  photoresponse  does  not  depend  on  the  leakage  current  but 
only  on  the  factor  rjkBT.  The  position  and  the  width  of  the  maximum  depend  on  both  (77  kBT  and 

k  )  parameters  but  the  value  of  ijkBT  is  the  most  important  factor  as  ( In — )  is  a  slowly  varying 


function  of  jo. 
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In  deriving  Eqs.  (22-26)  from  Eqs.  (3,4)  we  neglected  the  term  vdv/dx.  One  can  show  that 


neglecting  this  term  is  valid  when  /rexp 


( 


eU. 


<  — .  Estimates  show  that  in  our 


V 

experiments  L/s0t  » 1 .  Hence,  the  response  in  the  range  of  negative  Uq  decreases  according  to 


Eq  (23)  up  to  the  values  A u  «  A un 


SnT 


—  «  Aumm  .  For  smaller  values  of  the  response,  Eqs.  (22- 
L 


26)  are  no  longer  valid. 

Fig.  2  shows  the  response  predicted  by  Eq.  (22)  for  different  values  of  the  leakage 
current  and  temperatures.  TTie  parameters  were  chosen  to  correspond  to  typical  values  for 
0.15pm-gate  GaAs  based  FETs. 


(b) 


Fig.2.  Photoresponse  of  the  GaAs/AlGaAs 
FET  at  600GHz  -  as  calculated  according 
Eq.22.  a)  response  at  T=300K  and  for 
t|=1.5,  for  four  different  leakage  currents.  II 
corresponds  to  the  current  density 
70=1.3 *10A/m2, 12  -jg=  1.3*103A/m2, 13-  j0= 
1.3*105A/m2  , 14-  j0=  1.3*  107 A/m2,  b) 
response  for  a  leakage  current  density  (jo 
=1.3*103A/m2)  at  four  different 
temperatures  and  r\  -  values  :  (T=10K , 
r)=15),  (T=100K ,  ri=2.5),  (T=200K , 
ri=1.75)  and  (T=300K ,  r}=\.5). 


One  can  see  (Fig.2a)  that  for  higher  leakage  currents,  a  well-defined  maximum  near  zero 
swing  voltage  (i.e.  the  gate  voltage  close  to  the  threshold  voltage)  can  be  observed.  With  a 
decreasing  leakage  current,  the  maximum  broadens  and  shifts  toward  negative  swing  voltages.  A 
plateau  (step-like  behavior)  is  expected  for  low  values  of  the  gate  current. 
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Fig  2b  shows  the  calculated  temperature  dependence  of  the  photoresponse.  One  can  see 
that  the  calculated  photoresponse  increases  with  lowering  temperature  and  at  lowest 
temperatures  the  well  defined  maximum  can  be  seen.  The  position  of  maximum  shifts  closer  to 
the  zero  swing  voltage  (i.e.  to  the  gate  voltage  close  to  the  threshold). 

The  temperature  dependence  of  the  photoresponse  shown  in  Fig.2b  represents  a  typical 
device  behavior.  One  can  see  that  the  temperature  evolution  of  the  width  and  the  amplitude  of 
the  photoresponse  curves  shown  in  Fig.2  b  qualitatively  agree  with  the  measured  curves  shown 
in  Fig.l.  (The  photoresponse  results  in  Fig.l  are  shown  as  a  function  of  the  gate  voltage  Ug  ).  At 
low  temperatures  a  well  defined  maximum  is  observed  and  at  high  temperatures  a  broad 
maximum,  or  rather  a  step-like  behavior  near  the  device  threshold  voltage  is  observed. 

In  summary,  the  shape  of  the  photoresponse  curve  defined  by  Eq.22  and  23  is  a  function 
of  two  main  parameters:  ^Tthat  governs  the  carrier  density  in  the  subthreshold  region  (see 
Eq.l)  and  k,  which  is  a  dimensionless  parameter  related  to  the  leakage  current. 

The  maximum  value  of  photoresponse  depends  on  v^bT  only.  The  width  and  the  position  of  the 
maximum  depend  both  on  rjkBT  and  k.  For  small  k,  the  photoresponse  has  a  plateau  (or  step 
like)  behavior  near  the  threshold.  For  higher  values  of  k  the  photoresponse  has  a  well  defined 
maximum.  These  rules,  although  approximate,  allow  us  to  understand  the  photoresponse  in  most 
experimental  situations  described  in  this  work. 

We  should  notice  that  our  model  becomes  invalid  at  gate  voltages  well  below  threshold 
when  the  total  number  of  electrons  in  the  channel  becomes  small.  At  such  voltages,  noise  is 
expected  to  become  very  important,  leading  to  an  unstable  response.  The  increase  of  noise  at  the 
gate  voltages  well  below  threshold  was  indeed  observed  experimentally  -  see  Fig.l.  Estimates 
using  Eq.l  show  that  this  “small  density  range”  is  reached  when  (Ug-Ut)«-aT]kBT ,  where  a  is 
of  the  order  5  to  10.  A  further  decrease  of  the  gate  voltage  corresponds  to  the  total  depletion  of 
the  channel  and  disappearance  of  the  FET  response. 

Experiment 

The  devices  used  in  our  experiments  were  typical  GaAs/AlGaAs  and  GaN/AlGaN 
heterostructure  field  effect  transistors  (FETs)  with  micron  and  submicron  size  gates.  They  were 
mounted  on  quartz  substrates  and  wired  to  variable  temperature  cryostat  sample  holders. 

GaAs  devices  were  commercially  available  Fujitsu  devices  (FHR20X  )  with  the  gate 
width  of  50pm  and  gate  length  of  0.15pm.  The  sheet  carrier  density  and  electron  mobility  in  the 
transistor  channel  were  ~1012cm"2  and  ~2000cm2/Vs  (at  300K),  respectively. 

The  GaN/AlGaN  HEMT  structures  were  grown  on  p-type  6H-SiC  substrates.  The  gate 
width  was  50pm  and  the  gate  length  was  5pm.  The  sheet  carrier  density  and  electron  mobility  in 
the  channel  of  the  transistor  were  ~1013cm'2  and  ~1500  cm2/V s  (at  300K),  respectively. 

The  theoretical  description,  presented  above,  shows  that  the  parameters  necessary  to 
describe  the  THz  photoresponse  are:  i)  carrier  mobility  (or  scattering  time)  ii)  the  threshold 
voltage  Uth,  and  iii)  the  ideality  factor  tj  determining  the  carrier  density  in  the  subthreshold 
region  iv)  the  leakage  current.  The  leakage  current  was  measured  simultaneously  with  the 
photoresponse.  The  other  parameters  were  extracted  from  the  current  voltage  characteristics  of 
the  devices  following  the  procedure  described  in  Ref.  1 . 

The  complete  set  of  the  current  voltage  characteristics  was  measured  for  each  temperature 
(see  Fig.3).  The  transistor  parameters  were  extracted  using  the  AIM-Spice  model.  The 
comparison  between  the  measured  data  and  the  FET  model  is  shown  in  Fig.3.  One  can  see  that  a 
good  description  of  the  current  voltage  characteristics  was  obtained. 

Fig.2 
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Photoresponse  of  the  GaAs/AlGaAs  FET  at  600GHz  -  as  calculated  according  Eq.22.  a)  response 
at  T=300K  and  for  r|=1.5,  for  four  different  leakage  currents.  II  corresponds  to  the  current 
density  y0=1.3*10A/m2,  12  -  jg=  1.3*103A/m2,  13- 1.3*105A/m2  ,  14-  j0=  1.3*107A/m2.  b) 
response  for  a  leakage  current  density  (jo  =1.3*103A/m2)  at  four  different  temperatures  and  r|  - 
values  :  (T=10K ,  r|=15),  (T=100K ,  r|=2.5),  (T=200K ,  rj=1.75)  and  (T=300K ,  r|=1.5). 


Fig.3.  Example  of  current  voltage 
characteristics  of  GaAs  FETs  -  a).Gate  to 
source  voltages  are  OV  (the  highest  curve)  - 
0.25V  (the  middle  curve)  and  -  0.50V  (the 
lowest  curve).  In  figure  b).  Gate  voltages  are 
2V  (the  highest  curve)  -3 V  (the  middle  one) 
and  -4V  (the  lowest  curve).  Points  are  the 
experimental  results  -  lines  are  results  of  the 
calculations  using  AIM-Spice  model. 


A  special  care  was  taken  when  determining  the  scattering  time  (mobility),  which  is  the 
basic  parameter  of  the  theory.  Usually  in  order  to  determine  the  mobility,  one  can  use  a  Hall  bar 
test  structure  placed  somewhere  on  the  wafer  along  with  the  devices.  However,  for  micron-size 
and  submicron  devices,  it  is  important  to  determine  all  the  parameters  by  measurements 
performed  directly  on  the  devices  in-situ  (not  on  separate  test  structures).  This  is  because  of  the 
nonuniformity  of  the  wafers  leading  to  a  possible  spread  of  the  device  parameters  and  (more 
importantly)  because  the  carriers  in  submicron  devices  can  undergo  some  additional  scattering 
related  to  a  small  channel  size 1  ’. 

The  electron  mobility  in  the  channel  was  determined  from  the  current  voltage 
characteristics  measurements  as: 
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where  W  is  the  width  of  the  gate,  L  is  the  gate  length,  Ra  =  Rds  -  Rs  is  the  channel  resistance, 
is  the  measured  drain-source  resistance  at  low  drain  bias,  Rs  =  Rc  +  Rsgd  is  the  channel  series 
resistance,  Rc  is  the  contact  resistance  and  Rsgd  is  the  resistance  of  the  source-gate,  gate-drain 
regions.  At  small  values  of  gate  voltage,  Ug,  the  concentration  n  and  channel  resistance  Rds 
depend  on  the  gate  voltage  as 


n  =  ■ 


C(Ug  -Uth) 


and 


Rds=- 


■  +  RS  (28) 


e  enfjW 

Therefore  the  intersection  of  the  dependence  of  Rds  on  ( Ug-Uth Y1  with  the  resistance  axis  yields 
the  resistance  Rs.  The  mobility  versus  temperature  dependences  for  GaAs  and  GaN  devices, 
calculated  using  Eq.27  ,  are  shown  in  Fig.4a.  In  both  cases,  the  mobility  increases  by  a  factor  of 
3  to  4  with  lowering  temperature.  The  ideality  factor  77  determined  from  fitting  of  the  I(V)  curves 
is  shown  in  Fig.4b. 

The  photoresponse  measurements  were  performed  using  two  different  experimental 
setups.  The  first  system  used  a  100GHz  Gunn  diode  as  a  radiation  source.  The  maximum  output 
power  was  30mW.  It  was  coupled  through  a  ~1.5  m  long  light  pipe  system  to  the  sample,  which 
was  placed  in  the  exchange  gas  chamber  of  the  continuous  flow  cryostat  allowing  for 
temperature  control  and  stabilization  between  10  and  300K. 

The  second  system  used  a  radiation  setup  based  on  a  100  GHz  Gunn  diode  with  a 
frequency  doubler  (“200  GHz”)  and  tripler  (“600  GHz”).  The  maximum  output  power  was  about 
3mW  (for  “200  GHz”)  and  0.3mW  (for  “600GHz”).  The  radiation  was  optically  coupled  through 
the  mirror  system  to  the  sample  placed  on  the  cold  finger  of  the  closed  cycle  cryostat  providing 
sample  temperatures  in  the  range  8K-300K. 

In  all  our  experiments,  the  radiation  intensity  was  modulated  with  a  mechanical  chopper 
(30Hz  -300Hz  range),  and  the  open-circuit  source  drain  voltage  was  measured  by  a  voltage 
preamplifier  followed  by  a  lock-in.  In  both  systems,  the  radiation  beam  was  focused  to  a  spot  of 
about  1  mm  (which  was  much  bigger  than  the  device  dimension).  Attenuators  were  used  in  order 
to  limit  the  power  in  the  focused  spot  to  about  0.1  mW  in  order  to  avoid  heating  effects.  No 
special  coupling  antennas  were  used,  and  the  radiation  was  coupled  to  the  devices  via  the  device 


electrodes  metallization  pads. 

The  estimates  using  the  extracted  scattering  time  (r=mju/e)  show  that  for  the  frequencies 
/=100  GHz  and  200  GHz  the  basic  parameter  of  the  theory  cov=27rfz  was  always  smaller  than 
unity.  For  f=6 00GHz  and  for  the  lowest  temperatures  (T  below  30K),  a>r~l  and  the  resonant 
feature  (marked  by  an  arrow  in  Fig.l)  was  observed  as  a  weak  maximum  superimposed  on  the 
nonresonant  background  9.  For  higher  temperatures,  only  broadband  nonresonant  detection  was 


observed,  see  Fig.  1 . 

The  temperature  behavior  of  this  non-resonant  detection  is  in  agreement  with  results  of 
calculations  shown  in  Fig.  2.  The  values  of  the  ideality  coefficient  r\  for  these  calculations  were 
chosen  to  be  close  to  the  experimental  ones.  One  can  see  that  in  experiment  (Fig.l)  and  the 
theory  (Fig.2)  with  lowering  the  temperature  the  amplitude  of  the  signal  increases  and  a  well 
defined  maximum  close  to  the  threshold  voltage  can  be  observed.  The  experimental  results  are 
intentionally  presented  as  function  of  the  gate  voltage  Ug  (and  not  the  swing  voltage  Uq)  in  order 
to  illustrate  the  change  of  the  maximum  position  with  the  change  of  the  threshold  voltage  12 .  In 
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the  typical  GaAs/AlGaAs  devices,  the  threshold  voltage  decreased  by  about  30%  -40%  with  the 
temperature  changing  from  300K  to  8K. 
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Fig.4  Mobility  and  ideality  factor  r|  versus 
temperature  for  0.15pm  gate  GaAs/AlGaAs 
and  5  pm  gate  GaN/AlGaN  field  effect 
transistors.  Points  are  experimental  results; 
dotted  lines  are  guides  to  the  eye. 
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The  experimental  amplitude  of  the  photoresponse  changed  with  the  temperature  ~4  times 
-  in  approximate  agreement  with  the  change  of  the  value  of  the  r/ksT  parameter  (see  Fig.4).  One 
can  observe  however  that  the  calculated  curves  are  always  symmetric  whereas  the  measured 
photoresponse  for  8K  and  80K  has  a  clearly  asymmetric  shape.  This  discrepancy  is  most 
probably  due  to  the  fact  that  the  theory  assumes  constant  leakage  current,  while  in  the 
experiment  the  leakage  current  depends  on  the  gate  voltage. 

A  few  examples  of  direct  comparison  of  the  experimental  results  with  the  calculations  are 
shown  in  Fig.  5.  The  GaAs/AlGaAs  FETs  photo-response  signal  registered  between  the  drain 
and  source  is  presented  together  with  the  transfer  characteristics.  The  curves  marked  as  T1 
correspond  to  the  transistor  with  the  threshold  voltage  Utti=~{ 0.55V  measured  at  300K  for  the 
frequency  200GHz.  The  curves  marked  as  T2  and  T3  were  measured  using  the  100GHz  source  . 
With  the  exception  of  the  resonance  detection  at  600GHz  ,  only  a  very  weak  dependence  of  the 
photoresponse  on  the  radiation  frequency  was  observed.  The  curve  marked  as  T2  corresponds  to 
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the  transistor  with  Uth  =-0.42V  at  300K.  The  curves  marked  as  T3  correspond  to  the  same  device 
but  measured  at  a  temperature  of  10  K,  for  which  the  threshold  voltage  decreased  to  Uth  =- 
0.22V. 


Fig. 5 Experimental  Photo-response  a);  drain 
current  versus  gate  voltage  Ug  b);  leakage 
currents  c)  measured  in  three  experiments  Tl, 
T2,  T3  . 

Curves  marked  Tl  correspond  to  the 
transistor  with  the  threshold  voltage 
Uih=~ 0.55V  measured  at  300K.  Curves 
marked  T2  correspond  to  the  transistor  with 
Uth  =-0.42V.  Curves  marked  T3  correspond 
to  the  same  device  but  measured  at  a 
temperature  of  10  K,  for  which  the  threshold 
voltage  was  lower  (JJth  =-0.22V). 

In  Fig.  a)  the  results  of  calculations  according 
to  Eq.22  are  also  shown  as  dotted  lines. 


One  can  see  that  the  position  of  the  maximum  observed  in  the  nonresonant  detection  is 
correlated  with  the  threshold  voltage  of  the  device.  It  is  important  to  note  that  FET 
photoresponse  extends  to  the  voltages  much  lower  than  the  transistor  threshold.  In  Fig.  5c,  the 
leakage  current  versus  the  gate  voltage  is  shown.  In  all  measurements  the  leakage  current  was 
measured  simultaneously  with  the  photoresponse.  One  can  see  in  Fig.  5  that  the  leakage  current 
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changed  monotonously  near  the  threshold  voltage.  The  model  presented  earlier  assumes  the 
constant  leakage  current.  Therefore,  in  the  photoresponse  calculations  according  to  Eq.22,  we 
took  the  value  of  the  leakage  current  at  the  transistor  threshold  voltage  Uth.  Typically  for  GaAs 
FETs,  the  leakage  current  decreased  almost  by  an  order  of  magnitude  when  the  temperature  was 
lowered  from  300K  to  10  K. 

The  curves  calculated  using  Eq.  (22)  are  superimposed  on  the  experimental  results.  One 
can  see  that  the  overall  behavior  is  correctly  described.  However,  similarly  to  the  case  of  results 
for  600GHz  (from  Fig.l),  the  calculated  curves  are  always  symmetric  whereas  the  experimental 
photoresponse  have  a  clearly  asymmetric  shape.  These  discrepancies  are  probably  due  to  the  fact 
that  the  theory  assumes  the  constant  gate  leakage  current,  whereas  in  the  actual  experimental 
situations  the  leakage  current  increased  with  increasing  gate  voltage. 

The  characteristic  plasma  wave  frequency  of  the  transistor  increases  with  increasing  the 
carrier  density  in  the  channel.  Therefore,  a  high  electron  sheet  concentration  (up  to  a  few  times 
1013/cm2)  in  GaN/AlGaN  HEMTs  makes  these  devices  very  promising  candidates  for 
applications  in  plasma  wave  electronics  detectors. 

The  photo-response  of  a  5pm  gate  length  GaN/AlGaN  FET  transistor  to  200  GHz 
radiation  was  investigated  in  the  temperature  range  from  8K  to  300K.  The  results  for  several 
temperatures  are  shown  in  Fig.  6.  For  each  temperature,  we  also  measured  the  complete  set  of  I- 
V  and  transfer  characteristics-  Fig.3.  They  allowed  us  to  determine  the  basic  device  parameters 
as  described  above.  The  results  for  the  mobility  and  for  the  ideality  factor  are  shown  in  Fig.4. 
Using  these  parameters,  we  calculated  the  photoresponse  according  to  Eq.23.  For  comparison, 
the  experiment  and  the  calculation  results  were  both  normalized  to  their  maximum  values.  The 
change  of  the  photoresponse  shape  similar  to  that  observed  for  GaAs  FETs  can  be  seen  -  with 
increasing  temperature  the  well  defined  maximum  is  replaced  by  a  “step-like”  curve.  One  can 
see  that  the  overall  temperature  behavior  is  very  well  reproduced,  confirming  the  applicability  of 
our  model. 


Gate  Voltage  (V) 


Fig.6  Experimental  (points)  and 
calculated  (lines)  photoresponse  of 
GaN/AlGaN  FET  for  temperatures 
8K,20K,50K,200K.  The  radiation 
frequency  was  200GHz.  Results  are 
normalized  to  their  maximum 
value.  For  clarity,  results  for 
different  temperatures  were  shifted 
along  the  Y  axis  by  adding  a 
constant  value  (1  for  5  OK,  2  for 
20K  and  3  for  8K  results, 
respectively). 


In  conclusion,  an  experimental  and  theoretical  study  of  nonresonant  subterahertz 
detection  by  AlGaAs/GaAs  and  AlGaN/GaN  HFETs  in  a  wide  range  of  temperatures  (8-300K) 
and  for  frequencies  ranging  from  100GHz  to  600GHz  was  presented.  The  new  theoretical  model, 
which  describes  the  photo-response  below  and  above  the  transistor  threshold,  was  developed.  It 
has  shown  that  the  gate  leakage  current  suppresses  the  detector  response  in  the  sub-threshold 
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region  leading  to  a  nonresonant  maximum  in  the  photoresponse  versus  gate  voltage  dependence. 
Experimental  and  theoretical  results  presented  in  this  work  allow  us  to  establish  the  basic 
physical  mechanism  of  nonresonant  THz  detection  in  the  subthreshold  region. 
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